28 Treatment options for influenza B virus infections are limited to neuraminidase inhibitors 29 (NAIs) which block the neuraminidase (NA) glycoprotein on the virion surface. The 30 development of NAI resistance would therefore result in a loss of antiviral treatment 31 options for influenza B infections. This study characterized two contemporary influenza 32 B viruses with known resistance-conferring NA amino acid substitutions, D197N and 33 H273Y, detected during routine surveillance. The D197N and H273Y variants were 34 characterized in vitro by assessing NA enzyme activity and affinity, as well as replication 35 in cell culture compared to NAI-sensitive wild-type viruses. In vivo studies were also 36 performed in ferrets to assess the replication and transmissibility of each variant. 37 Mathematical models were used to analyse within-host and between-host fitness of 38 variants relative to wild-type viruses. The data revealed that the H273Y variant had 39 similar NA enzyme function relative to its wild-type but had slightly reduced replication 40 and transmission efficiency in vivo. The D197N variant had impaired NA enzyme 41 function but there was no evidence of reduction in replication or transmission efficiency 42 in ferrets. Our data suggest that the influenza B variant with H273Y NA substitution had 43 a more notable reduction in fitness compared to wild-type viruses than the influenza B 44 variant with the D197N NA substitution. Although a D197N variant is yet to become 45 widespread, it is the most commonly detected NAI-resistant influenza B virus in 46 surveillance studies. Our results highlight the need to carefully monitor circulating 47 viruses for the spread of influenza B viruses with the D197N NA substitution.
Introduction
Mut-Y273 virus. In both donor groups (infected by direct intranasal inoculation), 139 infectious virus was detectable until day 8 post-infection and peak viral titres were not 140 significantly different. There was also no significant difference in the area under the 141 curve (AUC) of TCID 50 plots over the 10 day period (Figure III a, c) . Body temperature 142 and weight were also assessed daily after infection and no significant differences were 143 noted between donor animals infected with WT-H273 or Mut-Y273, although there was 144 a trend towards greater weight loss in donors infected with WT-H273 ( Figure S2 ). 145 We examined virus replication in nasal washes from naïve recipient ferrets who were 146 co-housed with experimentally infected donors to assess the transmissibility of WT- virus transmitted to three out of the four recipients. However, length of viral shedding 163 and the peak viral titres were not significantly different between recipients infected with 164 either the WT-D197 virus or the MUT-N197 virus (Figure III b, d) ; there was also no 165 transmission delay observed as with MUT-Y273. Similar to the donor ferrets, the 166 recipient ferrets infected with either WT-D197 or MUT-N197 virus experienced no 167 significant changes in either body weight or temperature. 168 Pyrosequencing analysis of relevant NA substitutions in nasal wash samples from all 169 infected animals confirmed that neither MUT-N197 nor the MUT-Y273 viruses reverted 170 to wild-type genotype following replication within the airways of donor ferrets, or 171 following transmission to recipient animals. 172 
Relative fitness between viral pairs based on 'competitive mixtures' analyses 173
To gain further insight into the fitness differential between each variant virus and their 174 corresponding wild-type viruses, a competitive mixtures experiment was performed in 175 ferrets. Mathematical models for the progression of the infection and its transmission 176 were fitted to measurements collected during the experiment. The parameter estimates 177 from this fitting process provide information about the relative fitness of the variant for 178 replication within-host and its ability to transmit between hosts.
179
These inferences are summarized in Table II and visualizations are shown in Figure IV . 180 We define the relative within-host fitness as the ratio of the basic reproduction numbers 181 of the variant and its wild-type counterpart. . For the MUT-Y273 virus the Ro ratio is 182 estimated to be 0.84 with a 2-sided 95% CI of (0.70, 1.02), with our analysis indicating 183 that there is a 95% chance that this ratio is less than 1. So while the MUT-Y273 variant 184 is almost certainly less fit than its wild-type counterpart, the difference is very small.
185
There was little evidence that the mutation affected transmission fitness, with the 186 mutant's ability to transmit reduced by a factor of 0.90 (0.60, 1.35).
187
For MUT-D197, we find little evidence for a difference in within-host fitness, with an 188 estimated ratio of 0.94 (0.81, 1.10) and a 75% chance that the variant is less fit than the 189 wild-type. Interestingly, the transmission fitness of the MUT-N197 virus was higher by a 190 factor of 2.78 (1.56, 5.59) over the wild-type. However, it is important to note that this 191 estimate is driven heavily by two recipient ferrets where a large increase in the 192 population of MUT-N197 was observed following transmission from donors infected with 193 a 50:50 ratio of WT-D197: MUT-N197 viruses. Although the statistical model is 194 designed to account for the variation among ferrets, we are careful to not draw too 195 strong a conclusion on this result given the limited number of animals in the study. also showed that when ferrets were infected with a mixture of wild type and variant 213 virus, a mixture was still maintained 5-days post infection (30).
214
It is interesting that the significantly reduced NA enzyme activity of the MUT-N197 virus 215 did not predict the outcome of the replication or transmission fitness of this variant in the 216 ferret model. This may be because the enzyme-based assay is inherently limited in its 217 ability to capture the complex interplay between the different viral proteins during 218 replication and transmission in a biological setting. This kind of discrepancy between in 219 vitro and in vivo data has been described previously (31), and highlights the need for 220 caution when assessing viral fitness using only in vitro parameters. In this study, the MUT-Y273 virus had equivalent NA activity and expression to the WT-225 H273 virus, but delayed growth in cell culture. Previous experiments using a rg-H273Y 226 virus showed that relative to the rg-WT, the rg-H273Y virus had significantly higher NA 227 activity and surface expression, and superior replication kinetics in a competitive 228 mixtures experiment in normal human bronchial epithelial cells (14, 22, 23) . The 229 discrepancy in these fitness outcomes between our 2015 H273Y virus and a 1998 rg-
230
H273Y virus may be due to differences in viral background (16 amino acid differences).
231
The MUT-Y273 virus had similar replicative fitness in donor ferrets following intranasal 232 infection viruses and delayed transmission between co-housed ferrets compared to WT-233 H273 virus when tested in a pure population. Mathematical analysis showed evidence 234 of slight reduction in the within-host fitness of the variant in a competitive mixture with 235 the wild-type but no evidence of reduction in between-host transmission.
236
There is suggestive evidence that transmission efficiency of the MUT-Y273 variant 237 when tested as a pure population had a lower fitness that the wild-type (transmission to 238 2/4 vs 4/4 ferrets), compared to when the variant was assessed in a competitive 239 mixtures experiment where it had similar fitness to the WT-H273 virus. It is possible that 240 a variant virus with reduced NA enzyme function may benefit from replicating in the 241 presence of a fully functional wild-type virus rather than as a pure population, because 242 the NA enzyme from the wild-type virus could compensate for the loss of activity of the 243 variant. This phenomenon has been previously shown with viruses differing by one 244 amino acid at residue 151 of the NA, where mixed viral populations grew better in cell 245 culture than either variant alone (32).
246
The viruses assessed in our study were studied in comparison to closely matched 247 circulating wild-type viruses which had identical HA, NA (except for the resistance 248 mutation of interest) and MP sequences; however a limitation of this comparison is that 249 some amino acid differences did exist between the WT and MUT viruses in the internal 250 genes ( Figure S1 ) and it is possible that one or more of the substitutions in the internal 251 genes may have contributed to the fitness differences observed between the WT and 252 MUT viruses. Nevertheless these variant viruses represent real circulating strains and 253 therefore have greater relevance than performing experiments using reverse genetics 254 using laboratory reference strains in lab as has been done in the past with B/Yamanashi 255 viruses. Further to none of the changes (or equivalent changes in influenza A viruses) 256 have been reported in the literature to alter virus fitness, replication or transmission.
257
It is also important to note that our study contributes to the very limited number of In the future it is possible that the NA variants examined in our study may gain 281 additional 'permissive' mutations that improve their fitness, as was observed with the 282 H275Y NA substitution in seasonal H1N1 viruses (28). This may be more likely for 283 viruses with the D197N NA substitution, which appear to have a smaller fitness deficit 284 than viruses with the H273Y NA substitution. This knowledge, alongside the fact that Figure S1 for details).
308
Viruses were propagated in Madin-Darby canine kidney (MDCK) cells and infectivity 309 titres were determined by calculating the 50% tissue culture infectious dose (TCID 50 /mL) 310 as previously described(36).
311
In vitro NA inhibition and NA kinetics assay 313 To determine the IC 50 (50% inhibitory concentration) of the influenza B viruses for each 314 NAI, a fluorometric MUNANA (2-(4-methylumbelliferyl)-a-d-N-acetylneuraminic acid)-315 based assay was performed as previously described (37). NAI compounds were 316 purchased from Carbosynth, UK. The Michaelis-Menten constant K m (substrate affinity 317 was also determined by measuring the rate of reaction at different MUNANA 318 concentrations, as previously described (38) 
325
At 20 hours post-transfection, the NA enzyme activity on the cell surface was measured 326 using a modified MUNANA-based assay as previously described(39). The enzyme 327 expression in these cells was also measured by staining with an Anti-V5 Alexaflour 647 328 Antibody (Thermofisher, Australia) and measuring staining intensity using flow 329 cytometry(39). The NA activity results were normalized for total surface expression and 330 results for each variant were normalized against fluorescent staining intensity/activity of 331 corresponding wild-type viruses. Two independent experiments were done to assess 332 NA expression and activity, where each virus was tested in triplicates.
333
In vitro replication kinetics 334 A multi-step replication experiment was carried out in MDCK and MDCK-SIAT1(SIAT) 335 cell lines, which were grown to confluence in 6-well plates and infected at a MOI of 0.01 336 TCID 50 /cell as described previously (36) . Infectivity titres in the samples were then 337 determined by TCID 50 assay. (Table S3 ). To validate the performance of the assay, pure 391 populations and known mixtures for each WT:MUT pair were serially diluted and tested 392 across three separate assays. Based on these validation tests, only samples with 393 greater than 4.3 Log 10 NS gene copies/µL were analysed for mixture estimation.
395
Quantitative assessment of differences in virus replication and transmission fitness 396 The fitness of a virus depends on its ability replicate within a host and to transmit 397 between hosts. We used a mechanistic model of viral replication and competition to 398 assess the relative within-host replicative fitness of the variant compared to the wild-399 type virus(40, 42).
400
As previously described, our model expanded on the standard Target Cell -Infectious To assess within-host and transmission fitness of mutant viruses relative to their corresponding wild-types, ferrets were experimentally co-infected with viral mixtures of WT:MUT at different ratios (50:50, 80:20 and 20:80) and co-housed with naïve recipients. The proportion of WT vs MUT was determined in the collected nasal wash samples by pyrosequencing and data were analysed only from animals where the proportion of WT and MUT could be accurately determined. A-B plots individual points that correspond to the change in the proportion of mutant virus in one ferret between the first day of infection and last day of infection (y-axis).This allows for a visual representation of within-host fitness. C-D illustrate individual points that corresponds to a transmission event between two ferrets. In these plots the abscissa is the proportion of MUT virus in donor ferrets the day preceding confirmed transmission and the ordinate shows the proportion of MUT virus in recipient ferrets within the first 24 hours of confirmed infection. The solid grey line is the representative curve of the shape parameter, calculated by fitting our data to a model described in more detail in the methods and supplementary. The 95% confidence interval is represented by the shaded region. If our fitted model lies above the symmetry line (y=x solid line) then the mutant virus is fitter than the wild-type virus, whereas if the fitted model lies below the symmetry line the converse is true.
